While the formation of stellar clumps in distant galaxies is usually attributed to gravitational violent disk instabilities, we show here that major mergers also represent a competitive mechanism to form bright clumps. Using ∼ 0.1 resolution ACS F814W images in the entire COSMOS field, we measure the fraction of clumpy emission in 109 main sequence (MS) and 79 Herschel-detected starbursts (off-MS) galaxies at 0.5 < z < 0.9, representative of normal versus merger induced star-forming activity, respectively. We additionally identify merger samples from visual inspection and from Gini-M20 morphological parameters. Regardless of the merger criteria adopted, the clumpiness distribution of merging systems is different from that of normal isolated disks at > 99.5% confidence level, with the former reaching higher clumpiness values, up to 20% of the total galaxy emission. We confirm the merger induced clumpiness enhancement with novel hydrodynamical simulations of colliding galaxies with gas fractions typical of z ∼ 0.7. Multiwavelength images of 3 starbursts in the CANDELS field support the young nature of clumps, which are likely merger products rather than older pre-existing structures. Finally, for a subset of 19 starbursts with existing near-IR rest frame spectroscopy, we find that the clumpiness is mildly anti-correlated with the merger phase, decreasing towards final coalescence. Our result can explain recent ALMA detections of clumps in hyperluminous high-z starbursts, while normal objects are smooth. This work raises a question on the role of mergers on the origin of clumps in high redshift galaxies in general.
Introduction
While local galaxies have well defined morphological types described by the so called Hubble sequence, higher redshift systems are more irregular and clumpy, which makes it increasingly more difficult to associate one of the Hubble classes to them. At redshift ∼ 0.6 for example, the fraction of irregular systems increases by 40% compared to the local Universe (Delgado-Serrano et al. 2010) . The clumpy substructures detected in the average star-forming galaxy population at intermediate and high redshift represent aggregations of relatively young stars (depending on the observed spectral window) arising from a smoother and fainter disk luminosity profile. They have stellar masses ranging 10 7 -10 9 M and sizes of approximately 100-1000 pc , and are typically identified through highly resolved observations in the rest-frame UV (e.g. Chapman et al. 2003; Puech 2010) , optical (e.g. Murata et al. 2014 ) and near-IR (Förster Schreiber et al. 2006 .
Clumpy galaxies at redshift > 0.5 with stellar masses of 10 10 -10 11 M are thought to be the progenitors of present-day spirals Bournaud et al. 2007; Ceverino et al. 2010; Elmegreen et al. 2013) . Moreover, typical clumps at z > 1 might live between 100 and 650 Myr, depending on their stellar mass (Zanella et al. 2015 (Zanella et al. , 2019 . As a consequence, they could migrate toward the center and eventually contribute to the formation of a central bar (Immeli et al. 2004b; Sheth et al. 2012; Kraljic et al. 2012) or to the stellar bulge growth (Noguchi 1999; Elmegreen et al. 2008; Bournaud et al. 2014; Bournaud 2016) , contributing to stabilize the disks (e.g., Ceverino et al. 2010) and to give the final imprint to the morphological shapes encoded in the Hubble sequence. According to Kraljic et al. (2012) , today Milky-way like spirals acquired their disk morphology at z ∼ 0.8-1, and they completely stabilized at redshift 0.5 or lower (Cacciato et al. 2012) . Alternatively, clumps in distant galaxies may lead to the formation of super-star-clusters and globular clusters (Shapiro et al. 2010) .
The formation and origin of clumps at all redshifts is not completely assessed, as it can be ascribed to different triggering mechanisms. Usually, in clumpy galaxies at z > 1, they are thought to be triggered by violent disk instabilities in highly gasrich, dense and turbulent disks, and they are continuously fed by cold gas streams from the circumgalactic medium (CGM) and the cosmic web (Dekel et al. 2009 ). These can sustain the high gas fractions of the order of ∼ 0.4-0.5 that are typically found in high redshift galaxies (Daddi et al. 2010; Tacconi et al. 2010; Rodrigues et al. 2012 ).
Article number, page 1 of 24 arXiv:1910.01661v1 [astro-ph.GA] 3 Oct 2019 A&A proofs: manuscript no. paper-clumpinessIII_ArXiv Below z ∼ 1, cosmological simulations predict a strong cutoff of cold-flow accretion into galaxies (Kereš et al. 2005; Dekel & Birnboim 2006) , which might indirectly result in the decrease of the average SFR density in the Universe (Madau & Dickinson 2014) and of the gas content in galaxies down to f gas ∼ 0.2-0.4. This strong suppression of gas fraction may then affect the physical properties and abundance of clumps, and could require alternative mechanisms of formation and evolution. For example, smooth accretion of gas from tidally disrupted companions or stripped satellites in cluster environments have been suggested to feed some low-mass, local analogs of high-z clumpy galaxies (Garland et al. 2015) . Instead, a more relevant additional channel for producing clumps at any host stellar mass and epoch is represented by major mergers, as proposed in Somerville (2001) ; Lotz et al. (2004) ; Di Matteo et al. (2008) . However, at intermediate redshifts, there is no general consensus yet about the role and importance of mergers for clumps formation. Additionally, while mergers produce very dense and compact starbursting cores, it is yet unclear what fraction of star-formation occurs in off-nuclear regions, possibly in the form of clumps.
From the observational point of view, Puech (2010) analyzed UV rest-frame clumps in 11 clumpy galaxies at z ∼ 0.6. He claimed that interactions may be the dominant driver for clumps formation at that epoch, because of the complex kinematic structure observed for half of them. In contrast, Guo et al. (2015) and Murata et al. (2014) argue that major mergers have a negligible role for explaining the fraction of clumpy galaxies at all masses at z 1.5, suggesting instead a prevalent role of violent disk instabilities or minor mergers. In the same direction, found that clumpy low-mass star-forming galaxies at z ∼ 0.7 are similar to gas-rich turbulent disks observed at higher redshifts, suggesting that gravitational instabilities are the most important cause of gas fragmentation and clumps formation.
However, even with different sample selections, clumps identification methods and observed photometric bands, these studies are focused on the main origin of clumpy galaxies among the whole population. Since they do not perform a merger identification, they neither analyze the implications that mergers have on clumps formation, nor they quantitatively measure the clumpiness parameter (i.e., fraction of light in clumps) in comparison to normal disks. Puech (2010) show a possible connection between mergers and UV clumps, but many of their substructures are not detected anymore in the optical, thus cannot be directly compared with our sample. Moreover, their subset is not representative of the whole merger population at intermediate redshifts, given the strict requirements of their selection criteria.
The connection between mergers and clumps is not clear also in hydrodynamical simulations: while some studies suggest that merger events can trigger turbulent modes in the ISM that lead to rapid gas fragmentation and clump formation (Teyssier et al. 2010; Renaud et al. 2014 ) , other morphological studies on simulated galaxies do not see any enhancement at all of clumpy emission during the merger (e.g., Nevin et al. 2019) . The reason of these discrepancies resides in the different resolutions adopted, in feedback and turbulence modeling and in the specific initial conditions considered, such as the merger geometry, the stellar mass ratio and the initial gas fraction f gas of colliding galaxies (e.g., Di Matteo et al. 2008; Governato et al. 2010; Fensch et al. 2017 ). Most of the simulations focus on local or high redshift galaxies, thus they have lower or higher gas fractions than typical values at intermediate redshifts.
The few simulations with similar f gas values (Cox et al. 2006; Di Matteo et al. 2008) have not allowed so far the gas to cool down below 10 4 K, which is necessary to study the evolution of the gas structure during the interactions (Teyssier et al. 2010; . In other cases, the resolutions are too low for the sub-kpc spatial scales we want to investigate for detecting clumpy structures (Sparre & Springel 2016; Rodriguez-Gomez et al. 2016) . Given all these uncertainties, more observations and constraints are needed to clarify whether mergers can trigger clumps formation at intermediate redshift, and put constraints on feedback models in simulations of galaxy collisions.
In order to test this connection with observations, multiple merger identification criteria are applicable. In the local Universe, for example, a deep connection has been established between mergers and ultra-luminous infrared galaxies (ULIRGs) (Sanders & Mirabel 1996; Clements et al. 1996) , which are systems with a total infrared luminosity > 10 12 L , reflecting a high and obscured star-formation activity. At higher redshifts, dusty starburst (SB) galaxies, defined by their SFRs much higher compared to normal star-forming systems on the main sequence (MS) (Noeske et al. 2007; Daddi et al. 2007; Elbaz et al. 2007) , could be the analogs of local ULIRGs. However, their nature in the distant Universe is still strongly debated: some studies claim they may be gas rich galaxies undergoing anomalous gas accretion events (e.g., Scoville et al. 2016) , while other works show that the most extreme cases are mergers, displaying disturbed morphologies (Elbaz & Cesarsky 2003) . According to the latter scenario, starbursts and main sequence galaxies are associated, respectively, to a highly efficient star-formation mode and gas consumption induced by major merger events, and to a quasi-steady star-formation activity with much longer gas depletion timescales of ∼ 1-2 Gyr (Sargent et al. 2014; Silverman et al. 2015) . Building on this previous knowledge, Calabrò et al. (2018) found that starbursts at 0.5 < z < 0.9 are mostly merger triggered, as revealed either by their morphology or by the presence of extremely obscured starbursting cores. In addition, Cibinel et al. (2019) showed that the merger fraction above the main sequence is of approximately 80%. Even though the longstanding debate has not yet concluded, these latter studies give a strong motivation for searching ongoing merging systems among the starburst galaxy population. This approach would be complementary to the visual inspection and to non parametric merger estimators Lotz et al. 2004 ), which could be highly incomplete and very difficult to perform for distant objects. In addition, it could be also more reliable compared to the kinematics: Law et al. (2009) show indeed that clear merger candidates at z > 1 can have regular rotation patterns typical of disk galaxies.
The COSMOS field allows to select the largest (so far) statistical sample of starbursts with plenty of ancillary data, including an almost complete imaging coverage in at least one HST band (F814W), photometric data ranging from UV to far-IR and submm (Laigle et al. 2016; Jin et al. 2018) , and IR-based SFRs (Jin et al. 2018) . In this paper, we exploit high resolution (0.095 ) HST/ACS F814W public images over the whole 2 deg 2 COS-MOS field to build a large sample of starburst galaxies and investigate with unprecedented statistics the role of mergers on the formation of clumps at intermediate redshifts. To this aim, we compare the starbursts to a control sample of randomly selected isolated main sequence galaxies at the same cosmic epoch. At these redshifts, i-band images probe the optical rest-frame spectral range that, compared to UV emission (dominated by young massive O-B stars), is more sensitive to the light of intermediate age (A to G type) stars, and thus are more sensitive to the stellar mass than to the ongoing SFR. In addition, these observations are less affected by dust attenuation compared to UV rest-frame images of clumpy galaxies studied systematically at high redshift (z >> 1).
We also present a set of numerical simulations of merger interactions between typical z∼0.7 galaxies, which could help to interpret our observational results. To this aim, these simulations consider the proper gas fractions for this cosmic epoch (f gas 0.3), while simultaneously allowing the gas component to cool below 10 4 K and to be resolved on small spatial scales of 6 pc, necessary to study its evolution during the merger.
The paper is organized as follows. In Section 2 we describe our selection of starburst galaxies and of a control sample of main sequence systems in COSMOS field. We also present their HST F814W images, from which we derive basic morphological properties and an estimation of the clumpiness parameter. After showing our observational results in Section 3, we describe in Section 4 the hydrodynamical simulations used to verify the connection between mergers and clumps at intermediate redshift. Then we discuss possible physical interpretations of our findings, and we show the summary and conclusions in Section 5. We adopt the Chabrier (2003) initial mass function, AB magnitudes, and standard cosmology (H 0 = 70 kms −1 Mpc −1 , Ω m = 0.3, Ω Λ = 0.7).
Methodology
In this section we describe our sample selection and the derivation of the morphological properties from single-band HST images, also quantifying, through the clumpiness parameter, the contribution of off-nuclear clumps to the galaxy emission.
Starbursts and main sequence galaxies selection
As mentioned in the Introduction, even though the nature of distant starbursts is still debated, in a previous work (Calabrò et al. 2018) we argued that luminous-infrared starbursts at 0.5 < z < 0.9 are mostly major mergers. For this reason, focusing on the same redshift range, we decided to start by analysing all starbursts in the full COSMOS field to test the effect of mergers on clumps formation and evolution, while using main sequence isolated galaxies as a control sample.
All the galaxies in this work were selected from the IR+(sub)mm catalog of Jin et al. (2018) , which includes ∼ 15k star-forming galaxies in COSMOS, with deblended photometry ranging from Spitzer 24µm to VLA 1.4 GHz bands. The stellar masses M * of the sources are computed by Laigle et al. (2016) at the photometric redshifts by fitting 16 bands from nearultraviolet to mid-infrared. As explained in Calabrò et al. (2018) , using the spectroscopic redshift (when available) does not affect significantly the stellar mass derivations, as they are in general agreement within the uncertainties of 0.1 dex reported by the same authors. We adopted the infrared SFRs (= SFR IR ) derived by Jin et al. (2018) by fitting multi-wavelength broad-band photometric data from IRAC to radio VLA bands. Four components were used to determine the best-fit SED: a Bruzual & Charlot (2003) stellar model (at different ages and metallicities, constant SFH, Chabrier IMF and Calzetti et al. (2000) attenuation law), a mid-infrared template for AGNs (Mullaney et al. 2011), and Draine & Li (2007) dust emission models. When available, the spectroscopic redshift was fixed in the fit. For main sequence galaxies that are undetected in the 100µm -850µm bands (including Herschel and SCUBA2 photometry) at S/N IR < 5, the SFRs were computed from their 24µm fluxes as explained in Jin et al. (2018) . Finally, we calculated the total SFRs as SFR TOT =SFR IR +SFR UV,unobscured , where the UV unobscured SFRs were inferred from their Laigle et al. (2016) u-band total magnitudes, as shown in Calabrò et al. (2018) .
Following the procedure described in Calabrò et al. (2018 Calabrò et al. ( , 2019 , we compared the M and SFR of our galaxies to the starforming main-sequence of Schreiber et al. (2015) (which was shown to agree well with our data) in order to derive the distance from the main sequence dist MS = log 10 (SFR/SFR MS ). Finally, starbursts are taken above the typical threshold of dist MS > 0.6 (i.e., above a factor of four), following Rodighiero et al. (2011) .
We required also the redshift, either spectroscopic or photometric (from Jin et al. 2018) , to be in the range between 0.5 and 0.9. As mentioned in the Introduction, we want to focus on the intermediate redshift regime to build-up on the growing understanding generated by our previous works (Calabrò et al. 2018 (Calabrò et al. , 2019 . Indeed, it would allow to follow-up some of the clumps with near-infrared integral-field spectrographs to detect Hα and Paβ within Y and K bands. In addition, it is in this cosmic epoch that we may have the final imprint on the morphology of presentday galaxies.
As an additional constraint for our sample, we imposed the stellar mass M * to be greater than 10 10 M , since above this limit and up to z = 0.9, all SBs would be Herschel-detected at S/N IR > 5 (see Figure 13 in Jin et al. (2018) ), and we have a masscomplete sample of normal star-forming galaxies down to a factor of three below the main sequence.
These three criteria yielded a subset of 118 Herscheldetected (S/N IR ) starbursts, from which we discarded two residual quasar-like objects and additional 20 galaxies without HST-ACS coverage, leaving a sample of 96 starbursts in total.
Afterwards, we selected a control sample of 145 MS galaxies with HST F814W images, in order to have a larger statistics and avoid that additional sample cuts in our analysis would produce a lower number of MS systems than SBs. Our normal star-forming galaxies were randomly selected within ∆dist MS of ±0.47 dex (a factor of three) from the MS, in the same redshift and stellar mass range defined for SBs, and requiring that they are star-forming according to the NUV-R/R-J diagram to avoid quiescent galaxies (Laigle et al. 2016) .
Even though this latter subset is representative of secularly evolving star-forming disks, we remember that it may contain also a fraction of ongoing mergers. Indeed, at our redshifts, the merger fraction is expected to be higher than the relative number of starbursts (Schreiber et al. 2015) , both because of SFR fluctuations during the merger process itself (Di Matteo et al. 2008 ) and because it might be more difficult for mergers to trigger starbursts as in the local Universe (Fensch et al. 2017) . We will discuss about several additional methods to identify mergers in Section 2.3.
HST images and morphology
In order to study the morphology and the presence of clumpy structures in our galaxies, we need high resolution images that can probe spatial scales significantly below 1 kpc. For the sample analyzed in this paper, we adopted F814W ACS images (Koekemoer et al. 2007 ), which we retrieved from the COS-MOS web service (http://irsa.ipac.caltech.edu/data/ COSMOS/http://irsa.ipac.caltech.edu/data/COSMOS/). They represent so far the deepest and highest resolution publicly available data in this field, with ∼ 2000 s time integration, a magnitude limit of 25.61 mag for extended sources (assuming a circular aperture radius of 0.3 ) and a median FWHM resolution A&A proofs: manuscript no. paper-clumpinessIII_ArXiv 0.2'' of ∼ 0.095 (with a pixel scale of 0.03 /pixel). At our redshifts, this means that we are able to distinguish substructures with separations of at least 600 pc at z = 0.5 to 800 pc at z = 0.9, and thus detect clumps on this size scale (FWHM), which is appropriate given those typically found in high-redshift clumpy galaxies.
In the first step of our analysis, we created a segmentation map of the HST F814W (15 × 15 ) cutouts using the python package photutils 1 . In brief, the code identifies the sources as 1 https://doi.org/10.5281/zenodo. 2533376https://doi.org/10.5281/zenodo.2533376 groups of connected pixels having a flux higher than a constant threshold. The latter value is calculated at a given S/N per pixel above the background, which is estimated from the entire cutout using a sigma-clipped statistics. We found that a S/N threshold of 1.3 works well in all the cases, including the low surfacebrightness external regions and wings, while separating different galaxies in the same cutout region. The few cases where two close-in-sky but spatially unrelated galaxies (i.e., located at completely different redshifts) are selected as the same source in the segmentation map, we applied the deblending function inside photutils, keeping only the central object. The location of the final source was saved into a mask M 0 : we assigned a value of 1 to all the pixels inside the galaxy contours identified by the segmentation map, and 0 otherwise.
Afterwards, we run the galaxy morphology tool statmorph (Rodriguez-Gomez et al. 2019) to derive the elongation of the galaxy contained in the previously selected region, which we expect can crucially affect the detectability of clumpy structures. E is defined as A B , where A and B are, as in SExtractor, the maximum and minimum rms dispersion of the object profile along all directions. Equivalently, they can be considered as the semimajor and semi-minor axis lengths of the ellipse that best describes the galaxy shape.
Morphological merger classification
In addition to the elongation, better characterizing the morphological properties is essential to identify which galaxies in the main sequence could be possibly mergers. To this aim, we pursued two approaches: one relying on non-parametric quantitative estimators, and the second based on a visual analysis.
In the first approach, the Gini and M20 coefficients, defined by Lotz et al. (2004) , are usually adopted for selecting possible mergers and interacting systems. Gini (G) measures the degree of inequality of the flux distribution among the pixels in the image, and is higher for galaxies with bright clumps and nuclei. For our HST cutouts, we computed G with the following formula:
where n is the number of pixels of the galaxy (defined by the mask M 0 ), X i are the counts in each pixel i sorted in increasing order andX is the mean pixel value (Glasser 1962 ).
On the other hand, M20 is defined as the normalized second order moment of the brightest 20% pixels of the galaxy:
In the above formula, x i and y i are the pixel coordinates, and x c and y c represent the galaxy's center, such that M tot is minimized. f i are the counts in each pixel, while f tot symbolizes the total counts in the galaxy pixels identified by segmentation map derived before. In short, this quantity measures the relative concentration of light around the position that minimizes M 20 itself. It is higher in the presence of bright bars, spiral arms, tidal tails, off-center clumps, and it is very sensitive, for example, to multiple nuclei. Both parameters were calculated with python code routines by applying the equations 1 and 2.
The typical uncertainties of Gini and M 20 estimations are of 0.02 and 0.1, respectively. They were estimated by Lotz et al. (2008) from ACS F814W galaxy images at our same redshifts in the EGS field, at a depth comparable with our analysis (∼ 2000 s of integration). In addition, the ULIRGs in their sample, to which they apply the classification, have I F814W < 23 mag, thus largely applicable to our case.
Since Gini and M 20 are very sensitive to typical merger features, increasing when these signatures become stronger, we can use both to identify a subset of galaxies with merger morphologies. Following the classification criteria of Lotz et al. (2008) , we defined a 'mergerness' parameter m as: Gini-M 20 diagram for the final sample of starburst and main sequence galaxies analyzed in this work (in red filled circles and blue empty squares, respectively). Galaxies above the black continuous line are morphological mergers, according to Lotz et al. (2008) . The typical uncertainties of Gini and M 20 are shown by the representative error bars in the lower left corner. Bottom: Histogram distribution (for SBs and MS) of the mergerness parameter, defined as the difference between the measured Gini coefficient and that required to classify the galaxy as a morphological merger. It shows that the majority of galaxies classified as mergers according to this criterion are also starbursts.
where the coefficients were calibrated by Lotz et al. (2008) and do not vary with redshift (up to z 1.2). This quantity represents the difference between the estimated Gini and that required to classify the system as a merger. Therefore, according to this criterion, galaxies with m > 0 will be identified as morphological mergers throughout the paper. Among the MS population, 15 objects satisfy this condition. The exact mergerness values of all the galaxies are listed in Table A .1 in the Appendix.
We remark that for our sample we cannot apply the morphological analysis performed by Cibinel et al. (2019) on resolved stellar mass maps, since it requires multi-wavelength images. However, our single band optical rest-frame images are sensitive to the stellar mass of the system more than UV rest-frame observations, and this dataset represents so far the best compromise if we need high spatial resolution information.
We show in Fig. 3 -top the distribution of the Gini and M 20 coefficients for our galaxies, and highlight with the black continuous line the merger threshold of Lotz et al. (2008) . In the bottom panel of Fig. 3 we display instead the histogram of mergerness parameters, separately for main sequence and starburst galaxies. These two populations have overall a different distribution of m and different medians, where starbursts tend to have a higher mergerness compared to normal star-forming galaxies.
We notice that the threshold criterion of Lotz et al. (2008) defines a mergerness parameter space where SBs start to dominate in number over the MS population. In our case, 76% of the morphological merger systems (m > 0) turn out to be starbursts. However, this subset is not complete, representing a minor fraction (43%) of all the starburst population in our sample. This result should not be surprising. Indeed, the observability timescale of a merger in the upper part of the Gini-M 20 diagram may not coincide with the starburst phase duration and depends on many factors, including the mass-ratio and the gas fraction of colliding galaxies, the viewing angle, the impact geometry, the dynamics of the disks (e.g., rotation direction) and the extinction. For example, the Gini parameter is more sensitive to face-on systems (Lotz et al. 2008 ). In addition, the surface brightness at redshift z > 0.5 decreases by more than one order of magnitude compared to the local Universe, making more difficult for interacting signatures to emerge from the noise. All these mechanisms are thus likely responsible for the fraction of low-mergerness SBs identified in our sample.
Visual classification
In order to mitigate previous effects and select a more complete subset of merging systems, we also performed a visual classification. Based on a one-by-one inspection of MS and SB galaxies, we flagged as 'visual mergers' all the systems with a disturbed morphology because of the presence of clear tidal tails, shells, bridges or collisional rings. In addition, we included in this class all the pairs within a projected separation of < 20 kpc and photometric redshift difference < 0.08. Compared to the previous criterion, this likely identifies mergers on a longer timescale. On the one hand, the pairs select a sample of very-early stage mergers that are going to coalesce in ∼ 0.5 Gyr or more. On the other hand, 'visual mergers' also comprise already coalesced colliding systems, if residual merger signatures are sufficiently bright to be detected by eye. These features are typically too faint to contribute significantly to enhance the Gini and M20 parameters above the Lotz et al. (2008) limit, so these mergers are likely missed from the automatic procedure.
This classification yielded a sample of 78 visually selected mergers: 24 of them are in the main sequence (∼ 20% of the whole MS population), while the remaining 54 objects lie in the starburst regime. Therefore, we obtain in this case that the majority of starbursts (∼ 68%) are also visual mergers. We also notice that the sample of mergers identified visually is more numerous compared to morphological mergers, which is likely an effect of the different timescales probed by the two diagnostics, as explained above.
Clumpiness measurement
In order to quantify the contribution of young stellar clumps to the total galaxy emission, we adopted the clumpiness parameter c, which measures the fraction of light residing in high spatial frequencies structures. For its estimation, we follow the approach described in Conselice et al. (2003) and Lotz et al. (2004) .
Firstly, we smoothed the original ACS F814W images (I 0 ) using a gaussian filter with a radius of 5 pixels. This corresponds to an angular scale of 0.15 and a physical radius of 1 kpc at z 0.7 (0.9 to 1.16 kpc in our full redshift range), which is the
Inucleus clumps segmentation map Fig. 4 . Flowchart of the clumpiness estimation procedure for one galaxy in our sample (ID 412250): (1) original HST F814W cutout image;
(2) segmentation image identifying the galaxy contours;
(3) original minus smoothed image, enhancing the visibility of high spatial frequency components; (4) clump detection after applying a 5σ threshold; (5) nuclei visual identification; (6) residual image after clumps light subtraction, which appear as black regions superimposed to the original galaxy image. This figure highlights the power of our approach. We are able to detect clumps very close to the nucleus that would instead have been removed by masking systematically a circular region around the center. It shows also the important role of the deblending function to separate multiple clumps based on the presence of multiple peaks in a single segmentation region, as explained in the text. This case additionally illustrates our conservative approach: we select two nuclei in the clumps segmentation map even though we are not sure about the second on the right (which in alternative could be part of a tidal tail).
approximate size of the clumps we want to detect (see Section 1). Then we subtracted the smoothed image I smoothed from the original image, imposing 0 for all the pixels with a negative value in the residual image I res = I 0 -I smoothed , as done by . In a second step, following the procedure adopted in Salmi et al. (2012) , we selected all the pixels in I res which are at least 5σ above the background of the galaxy, in order to reduce the noise contamination. The background level was estimated with a σ-clipping statistics procedure applied on all the regions of I 0 which have not been assigned to any sources in the segmentation map. The threshold limit was chosen empirically, and we found it was the minimum and best value allowing to recover clumpy structures that would have been identified also on a visual inspection. For all the pixels above the 5σ threshold, we assigned them a value of 1 (0 otherwise), in this way defining a mask for the clumps (M clumps ). We did not put any constraints on the number of connected pixels to be part of the clumps. However, even when requiring a small amount (e.g., 2-10) of connected pixels, the results are not significantly affected.
In the third step, we removed the galaxy nuclei from the clumpiness calculation, which, by definition, contains only offnuclear clumpy structures. For example, the nuclei of spiral galaxies are usually made of old stellar population bulges that we do not want to consider in the above parameter. For this scope, we derived the segmentation map of the clump mask, deblending the regions containing more than 2 local luminosity peaks, by using the same python codes applied to the original image in the first step. Afterwards, we created the nucleus mask M nucleus , setting M nucleus = 1 for the clumps identified as nuclei by a visual inspection of the original i-band HST images, and 0 otherwise.
In most of the cases, the centrally located nuclei correspond to the brightest clumps identified through our routine. However, this is not a necessary condition, since the nuclei (especially the merger cores) can be very obscured and even undetected in optical. Additionally, simulations have shown that the luminosity of newly formed clumps in merger systems can easily overcome that of the nuclei in the two colliding disks. Despite these uncertainties, we conservatively selected and removed at least two nuclei in all the starbursts and in clear MS mergers identified in Section 2.2. This represents a limiting case, since we expect that a large fraction of starbursts may actually be fully coalesced systems, even though it is hard to securely isolate them with our data.
Other works systematically mask an inner circle region with a fixed angular aperture for all the galaxies when computing the clumpiness (e.g., Lotz et al. 2004 ). However, this method may remove clumps that are very close to the nucleus. In addition, it is difficult for any automatic procedure to identify the nucleus, especially in case of disturbed morphologies like in mergers, where a careful visual inspection can be more reliable. For these reasons, we believe that our method is more precise and can be easily kept under control, assuming that the size of our sample is not excessively large. We show in Fig. 4 a representative example (galaxy ID 412250) of the full identification procedure of our clumps.
Finally, the clumpiness parameter c was derived in a standard way by dividing the total flux residing in previously detected clumps and the total flux of the galaxy, after masking the nucleus. This calculation can be written explicitly as:
where I 0 is the original image and M 0 , M nucleus and M clumps are masks, already introduced before. The sum is done over all the galaxy pixels defined by the segmentation map (M 0 ), excluding the nucleus. We consider this quantity appropriate for our work, since it compares the flux of the clumps (outside the nucleus by definition) to the total flux in the same off-nuclear regions. Another viable option is to compare the emission residing in high spatial frequencies to the total object emission (including the nucleus) as:
, where the sum is over M 0 . For clarity, since this would not change the results of our analysis, we adopt uniquely the definition in Eq.4 throughout the paper, and include both quantities c and c in Table A .1 in the Appendix.
Magnitude and elongation cuts: building the final sample
At z ∼ 0.5, the brightness of all the objects is approximately one order of magnitude lower (at fixed luminosity) compared to the local Universe, so it becomes increasingly difficult at higher redshifts to identify internal structures of galaxies, such as clumps. Moreover, when the galaxies become too faint, the visibility and detection of clumps is automatically affected, so that our method returns systematically lower c values close to 0. For this reason, we used the i-band magnitudes of Laigle et al. (2016) and applied a threshold as i mag < 22.5, beyond which the average clumpiness of galaxies (computed in bins of 0.5 in i mag ) drops by > 50% compared to the median value and becomes closer to zero (see Fig. A .1 in Appendix). In addition, for all the galaxies with i mag > 22.5, it was harder to distinguish their internal morphology on a visual inspection. for our parent sample of star-forming galaxies in COSMOS (0.5 < z < 0.9) their distance from the main sequence as a function of stellar mass. We highlight with a black horizontal line the 0 level. The blue and red lines indicate the limits taken for our main sequence and starburst selection, respectively. The final selected sample is highlighted with blue squares and red circles, correspondingly. The SFR used in the y-axis is normalized to the median redshift of our sample (0.73), following the SFR-redshift evolution of Sargent et al. (2014) . Top: Histogram distribution (normalized to unit area) of the stellar masses of our selected sample of starbursts (red) and main sequence galaxies (blue), showing that the two subsets have similar distributions. The two vertical lines indicate, according to their corresponding colors, the median values of M * of SB and MS galaxies.
Another important aspect that hampers clumps identification is the inclination of the galaxy. For an edge-on system, the standard detection method can erroneously consider the whole disk as a single elongated (and eventually multiply deblended) clump, producing an artificial enhancement of the clumpiness up to a value close to 1. In some cases, the edge-on disk is very faint, probably attenuated by the increased dust column density along the line of sight, so that no substructures are detected and the clumpiness is 0. However, the majority of these objects would be removed by the first i mag threshold.
In order to avoid all these cases, we performed a visual inspection and removed all the edge-on galaxies that suffered from these problems. Since inclination effects can be different for each galaxy and both reduce or enhance their clumpiness, it was not possible to apply the same threshold procedure used for i mag . However, we found that almost all (96%) of the objects discarded by eye have an elongation > 3.5, so we can consider this value as a representative threshold for our selection. For the full original sample, a comparison between the clumpiness and both the i-band magnitude and the elongation is shown in Appendix A.
We remark that the i mag and elongation cuts remove similar fractions of starburst and main sequence systems (∼ 10% in each case), and also the same percentages of morphologically classified mergers and not mergers (according to Gini-M 20 diagram), thus no systematic biases are introduced against either of the two populations. We also notice that almost all of the objects removed by this procedure have very low clumpiness, below 0.05. After applying these cuts, we also verified that starburst and main sequence galaxies have similar histogram distributions in i-band magnitude and elongation in the allowed ranges, and very close medians of the two quantities. In particular, for SBs and MS galaxies, the medians i mag are 21.25 and 21.35, respectively, while the median elongations are 1.55 and 1.59. In any case, we verified that applying lower, more conservative thresholds in i mag and elongation would not alter the conclusions of this paper.
After cleaning the sample from the contamination of faint or very elongated objects, we derived a final subset of 79 starbursts and 109 main sequence galaxies, that we will analyze in the following sections. The final starbursts and main sequence sample selection can be visualized in Fig. 5 . The stellar mass histogram, visible on the top of the figure, shows that the two selected populations have a similar distributions of M * , with medians of log 10 (M * )= 10.42 and 10.39, respectively, thus our cuts do not introduce systematic biases in M * against one of the two populations.
Results
In this Section we present the results of our clumpiness measurements, and compare the properties of the starburst and main sequence populations, that we have taken as representatives of two star-formation modes: a higher efficiency stellar production induced by merger events in the first case, and a normal starformation activity associated with secularly evolving disks in the latter.
In Fig.6 we show the histogram distribution of the clumpiness for starburst galaxies (in red) and main sequence galaxies (in blue). The clumpiness parameter spans a range between 0 and 0.20, meaning that clumps can contribute at maximum to one fifth of the total off-nuclear galaxy emission at this redshift. We can see that the distributions of both subsets are peaked at low clumpiness (c < 0.02) and, after this excess, they follow an approximately constant and then declining trend. However, the two histograms differ for many aspects. Main sequence systems are dominant in the first clumpiness bin, while, after a region where the relative abundances are consistent (0.02 < c < 0.08), starbursts are systematically more numerous above c 0.08. This translates into more than a factor of two higher median clumpiness for SBs compared to the MS population (0.05 and 0.022, respectively).
In order to test whether the two distributions (χ 1 and χ 2 ) are significantly different, we run a Kolmogorov-Smirnov (KS) test, which yields both the maximum difference D χ 1 ,χ 2 between the two cumulative distribution functions and the probability (p-value) to obtain the same D χ 1 ,χ 2 under the assumption that the two underlying one-dimensional probability distributions are equal. We found a D χ 1 ,χ 2 = 0.26 and p-value of 0.029%, thus the identity hypothesis can be rejected at > 99.97% confidence level, suggesting that the two subsets are intrinsically different. We also characterized the two tails in the high clumpiness regime (excluding the objects falling in the first bin) for SB and MS galaxies separately. The first follows a smooth decreasing trend, reaching a maximum clumpiness of 0.194, while c = 0.14 comprises 90% of the starbursts in the tail. On the other hand, for main sequence systems, the highest clumpiness observed is 0.126, and in this case 90% of the population in the tail has c < 0.1.
The detailed properties of the clumpiness distribution among SB and MS systems in our sample can be better visualized in a scatter plot (Fig. 7) by comparing their clumpiness to the distance from the main sequence distance (dist MS ). By definition, starbursts occupy the right part of the diagram at dist MS > 0.6, while main sequence objects span the range −0.47 < dist MS < 0.47. For the whole sample, we also computed the median clumpiness (shown with gray squares) in seven bins of dist MS with bin size of 0.2 dex, and the error on the median (shown with black symmetric error bars). We also flagged all galaxies with mergerness > 0 as empty circles, and the remaining not merging systems with black filled circles.
Overall, we can see that there is a large diversity among the main sequence population. Galaxies with dist MS < −0.1 are mostly isolated main sequence galaxies, with a low median clumpiness of 0.01, reaching a maximum value of 0.05. Above that threshold, a different behavior of the clumpiness could be noticed between Gini-M 20 mergers and not merger systems. In particular, the clumpiness of the first subset rises on average by a factor of six within the main sequence, and up to a factor of nine at dist MS > 0.6. A statistical analysis reveals the existence of a significant correlation between the two quantities, with a Pearson correlation coefficient of 0.39 and p-value = 0.006, although it may not be very strong (∼ 2.5σ) considering the S/N of the best-fit angular coefficient. We can also see that the highest clumpiness values (c > 0.14) in Fig. 6 and 7 are found only for mergers that are simultaneously starbursts. Interestingly, this upward trend mimics the increase of the morphological mergers fraction. Indeed, as showed in the upper histogram in The violet line and shaded area indicate, respectively, the best-fit linear correlation for Gini-M 20 mergers (whose equation is reported in the legend) and the corresponding 1σ error region. The annotation below the legend indicates the Pearson correlation coefficient ρ and pvalue for the same galaxies, along with the 1σ scatter of morphological mergers around the best-fit line. The histogram on the left compares instead the clumpiness distribution for morphologically selected mergers (mergerness > 0, in white) and not mergers (gray region, derived from the black circles in the scatter plot). In this case, a larger discrepancy is observed between the two distributions compared to Fig. 6 , confirmed by the higher significance of the KS test (KS= 0.432, p-value= 2×10 −8 ).
7, the relative number of Gini-M 20 mergers rises along the main sequence, and then goes from 35% to ∼ 100% at the rightmost extreme of the starburst regime.
On the other hand, galaxies that are not identified as morphological mergers follow a different trend and do not display any correlation. In particular, their median clumpiness increases by a factor of ∼ 4 compared to the less star-forming systems, and stays always between 0.02 and 0.05 in the 'upper main sequence' part. Finally, it decreases at dist MS > 0.6, even though we have less statistics in the last bin. Similar trends were also found for our sample when comparing the clumpiness to the specific SFR.
If we select galaxies according to their mergerness parameter and compare their clumpiness distributions (right histogram in Fig. 7) , we find a more clear separation compared to previous histograms (KS= 0.432, p-value= 2 × 10 −8 ). Interestingly, now the clumpiness distribution of morphological mergers is approximately constant over the whole range up to c 0.12, since the counts in all the bins are consistent with poissonian statistic fluctuations with 95% confidence level. If we consider together MS visual mergers and starburst galaxies, and compare them with for four types of galaxies: main sequence galaxies with mergerness < 0 and > 0 (in black and cyan, respectively), and starbursts (in orange those with mergerness < 0 and in red the morphological merger subset). We notice that the mergerselected starbursts dominate the high clumpiness tail, while the remaining SBs are basically indistinguishable from the population of main sequence galaxies with mergerness < 0. A substantial contribution to the high clumpiness population also comes from mergers inside the MS, as shown by the cyan excess at 0.06 < c < 0.12. A Kolmogorov-Smirnov (KS) test between merger and not-merger MS systems (cyan and black subsets) yields 0.302 (p-value = 0.094). Bottom: Same histograms as above, but considering visual mergers instead of the automatic morphological classification. isolated, not visually interacting main sequence systems, we obtained a similar result of Fig. 7 (KS= 0.307, p-value 0.1%), with the latter prevailing at c < 0.06 and starbursts being dominant at higher clumpiness.
The impact of the morphological merger classification on the clumpiness distributions suggests that we can decompose the entire population in four classes according to their mergerness and dist MS , to look for any trend in the SB and MS subsets. This exercise is made in Fig. 8-top, showing that, in this case, there is a more striking difference between morphological merger starbursts and not morphological merger systems, regardless of their distance from the MS, with the first having a median clumpiness more than a factor of three higher (c median = 0.09). The clumpiness distribution of MS morphological mergers is also slightly different (at > 90% confidence level) from the rest of the MS population (KS= 0.34, p-value= 0.075), with a clumpiness dis- tribution skewed toward a larger median (c median = 0.06), and a big contribution in the higher clumpiness tail (cyan line at 0.06 < c < 0.12) compared to other not-merging systems, suggesting that mergers might increase the clumpiness even with a moderate enhancement of the SFR. A similar result is found when using the visual classification to identify merger systems from their morphology (Fig. 8-bottom) . A KS test performed on visual mergers and not mergers in the main sequence yields a KS= 0.27 and p-value of 0.1 ( 90% confidence level). On the other hand, visual merger starbursts are significantly different from isolated undisturbed objects, showing on average higher clumpiness parameters (KS= 0.38, p-value= 0.01). In this case, the median clumpiness values of merging galaxies (0.066 and 0.049 for SB and MS, respectively) are slightly lower than in the upper panel of Fig. 8 , which is somehow expected, given that the two diagnostics probe in general different merger timescales. In particular, as mentioned in Section 2.4, visual mergers contain also pairs and already coalesced systems with faint (although unambiguous) residual interacting features, in which the clumps may have still not formed or already disappeared. These objects all contribute to increase the fraction of mergers in the first clumpiness bin (c < 0.05).
Given the appreciable clumpiness enhancement in all types of mergers (including MS systems, Fig. 8 ), we also checked for a possible direct relation between clumpiness and mergerness. In Fig. 9 we show this comparison for our sample, finding a strong correlation between the two quantities (Pearson correlation coefficient = 0.49, p-value = 10 −12 ), even though with a relatively large dispersion (0.04).
We may wonder whether the two axis presented in Fig. 9 are independent or, in other words, whether the merger classification (i.e., mergerness > 0) is affected by the presence of clumps in the galaxy. However, we have reasons to think that this is not likely the case. First, we did not find a direct relation between the clumpiness and either the Gini parameter or M 20 separately (Fig.  A.2 in the Appendix). Even though a slightly increasing trend of the clumpiness is observed on average with higher Gini, many galaxies (both MS and SBs) have a low clumpiness value despite their high M 20 or Gini coefficients. The presence of clumpy isolated galaxies with relatively high clumpiness but mergerness below 0 indicates itself that clumps cannot be responsible for erroneously selecting the galaxy as a morphological merger. Later in the paper in Section 4.2 (Fig. 14) , we will corroborate this also through numerical simulations, further showing that the mergerness is independent from the clumpiness. We remind that our non-parametric morphological procedure has been widely tested and validated at all redshifts of our interest (e.g., Lotz et al. 2004 Lotz et al. , 2008 , and we have already removed faint sources and highly inclined disks for which these tools may not work. Furthermore, we are using multiple merger classifications. In particular, the visual approach classifies galaxies regardless (in principle) of the presence of clumps, and it reinforces the results found with other methods.
Our results do not depend significantly on the mergerness threshold used in Section 2.3 to identify morphological mergers. To be conservative, if we consider a lower threshold between −0.1 and 0, this would strengthen the result of Fig. 8 , since the median clumpiness of main sequence mergers (cyan vertical line) would move rightwards. For example, if we choose a threshold of −0.05, we would obtain for the above subset a median c med = 0.048, and the difference with respect to not merging MS sources would be more significant (KS= 0.364, p-value < 0.001).
We also remark that these results are not affected by the choice of the bin size and by the sample cuts. Indeed, similar histogram distributions, trends and significances ( Fig. 6 to 8 ) are obtained when varying the first parameter by small amounts within a factor of 2 of the chosen bin size. The same conclusion holds for different thresholds of the i-band magnitude for the final sample selection, as in case of more conservative choices, to keep only the brightest sources (e.g., i-mag cut < 22.5).
Furthermore, we have so far analyzed a limiting, very conservative situation, according to which we systematically searched and removed two nuclei in all ongoing merging starbursts. On the contrary, only one nucleus is removed for main sequence galaxies, unless we could clearly see two distinct merging components, in which case we also removed the two nuclei. This approach implies that we are likely underestimating the clumpiness of starburst systems, while simultaneously overestimating that of normal star-forming galaxies, because in many cases one or more of the nuclei might be too obscured to be seen.
Finally, we found no correlation between the stellar mass and the clumpiness (Fig. A.3 -top in the Appendix), indicating that the stellar content is not the main driving parameter for the increasing patchy morphology among our sample. Similarly, there is no significant evolution of the clumpiness with redshift, as shown in Fig. A.3 -bottom in the Appendix. trend of the clumpiness and suggesting a possible extension of our results to interpret clumpy galaxies observed at significantly higher redshifts.
Effects of dust attenuation on the observed clumps
Several studies of the outcoming UV radiation from high redshift clumpy galaxies have shown that UV clumps may not trace the stellar mass but rather reflect the patchy distribution of dust attenuation (Moody et al. 2014; Cochrane et al. 2019) , with FUV emission tracing holes in the dust. One may thus ask what is the effect of dust on the clumps that we see in our galaxies.
We remark that our clumps are detected in the optical restframe, at an average wavelength of 4700 Å at z ∼ 0.7, which is subject to attenuation factors that are significantly lower (by a factor of three or more, assuming for example a Calzetti law with A V < 1.5 in off-core regions) with respect to the UV regime, on which the above studies are focused. Hence their results cannot be applied straightforwardly to our case.
Furthermore, our clumps are off-nuclear structures by definition, that is, they are situated several kpc away from the galactic nuclei, which we systematically removed. Hence, they are significantly less attenuated (or nearly unattenuated) compared to the central cores, where most of the IR luminosity is produced. This has been shown in spatially resolved studies of HII regions in massive star-forming galaxies (9.8 < log 10 M * < 11) at z ∼ 1.4 (Nelson et al. 2015) : outside of the central 1 kpc, the attenuation A V decreases at least by a factor of 5 compared to the center, and is generally low ( 0.5 mag for optical emission lines). The fact that a subset of our galaxies are highly infrared-luminous is not relevant, as the dusty SFR activity in these systems is mostly concentrated in the central, obscured, usually sub-kpc cores while the extinction is low in external regions (A V < 0.5) 2 , as shown by spatially resolved studies of local ULIRGs, (e.g., Scoville et al. 1997 , Alonso-Herrero et al. 2006 , Garcia-Marin et al. 2009 , Piqueras-Lopez et al. 2016 ).
Confirming merger-induced clumps formation with simulations
In order to check whether mergers are the physical cause of the increased clumpiness, we performed hydrodynamical simulations of collisions, choosing initial conditions that are typical of galaxies in our redshift range. In particular, we set a gas fraction of 30% (typical of z ∼ 0.7) (Combes et al. 2013; Freundlich et al. 2019) . As mentioned in the Introduction, previous simulations of galaxy collisions with such high gas fraction did not reach the low gas temperatures needed for properly reproducing the gas distribution during merger events. The setup is based on the simulations described in Fensch et al. (2017) using the adaptive mesh refinement code RAMSES (Teyssier 2002 ). The galaxies have the same characteristics as the ones in Fensch et al. (2017) . The refinement strategy is based on the density and the highest resolution elements are 6 pc. Gas in cells that are denser than 10 cm −3 and cooler than 2 × 10 4 K is converted into stars following a Schmidt (1959) law, with an efficiency per free-fall time set to 10%. We include three types of stellar feedback, described in Fensch et al. (2017) . The energy output from SNII explosions is released by a kinetic kick and a thermal energy injection, each accounting for half of the total energy ouptut (Dubois & Teyssier 2008) . The HII regions are modelled by Strömgren spheres, whose sizes are done considering that the gas surrounding the source has a minimal density above 300 cm −3 . Gas inside the sphere is heated to 5 × 10 4 K and receives a radial velocity kick modeling the radiation pressure.
We performed one isolated and two merger simulations. To account for numerical diffusion effect, in the isolated simulation the galaxy moves along the same orbit as one of the galaxies in the interaction orbits. The spin-orbit coupling plays a significant role in the interaction. For instance, only galaxies with spins aligned with that of the interaction, what is called a prograde coupling, can create tidal tails (see review by Duc & Renaud 2013) . We run one prograde-prograde (or, equivalently, directdirect) and one retrograde-retrograde encounter. The two orbits correspond to Orbit #1 from Fensch et al. (2017) . After an intermediate apocenter, they coalesce within ∼ 230 and ∼ 300 Myr, respectively. Stellar density maps are shown in panels A and C of Fig. 10 . On it we see the formation of stellar condensations during the interaction, similar to what is observed in collisions at low-redshift (Di Matteo et al. 2008; Renaud et al. 2014; Matsui et al. 2019 ). Since we want to check the intrinsic clumpiness of the galaxies, we did not include dust in our simulations.
We then mock HST observations in the F814W filter by assuming z = 0.7, the median redshift of our sample. We use the Bruzual & Charlot (2003) stellar evolution model, with solar metallicity and Chabrier (2003) initial mass function. The stars from the initial conditions are given a random age between 500 Myr and 7 Gyr following a uniform law. The image is convolved to the HST resolution, and the noise corresponding to COSMOS field data acquisition is added to the images. The resulting images are shown in panels B and D of Fig. 10 .
In the mock observations, the tidal tails created by the merger are not detected anymore. In contrast, bright clumps, corresponding to the blending of star clusters, are clearly visible at the new resolution in several steps of the evolution. Remarkably, some configurations are very similar to the morphology of our observed galaxies. In particular, the eighth cutout closely resembles the galaxy ID 705860 shown in Fig. 2.2 (the second of the third row), reinforcing the interpretation that the clumps (including the nuclei) are probably all part of the same 'two-body' merger system, even though their physical association is not obvious by eye. Finally, we measured the clumpiness, Gini and M 20 parameters from the mock images for both collision geometries and for the isolated case, with the same procedure adopted for the observations. The mergerness was also calculated using Equation 3.
The results on the morphological properties are shown in Fig. 11 . In both merger simulations, the system starts from a low Gini parameter and high momentum of light M 20 , because of the presence of two distant galaxy components. After the first pericenter passage (indicated with a P), Gini increases on average and the track moves toward the top, as the light becomes more widely distributed along the tidal tales and interacting features. Throughout the middle of the interaction, Gini and M 20 can oscillate depending on the relative position of the two galaxies and the number of close passages, although the system always remains in the merger region of the diagram, also regardless of the clumpiness value. The two main bodies will then approach for the last time and finally coalesce, which implies a rapid fading of interacting signatures, a net decrease of the M 20 parameter, and a return into the not-merging regime, although in a different region compared to the starting point. We remind that the coalescence (indicated with a C) corresponds to the timestep when Article number, page 11 of 24 Fig. 10 . A: Snapshots of the stellar mass density from the simulation of two colliding galaxies with prograde-prograde orbit coupling, at different times. The images have a physical scale of 200 pc/pixel, comparable to our observations (assuming the median redshift of our galaxies 0.7). B: Mock HST F814W observations obtained from the above simulated cutouts after conversion to the ∼ 0.095 PSF resolution of our images (through a gaussian filter) and addition of the noise. The instantaneous SFR and the estimated clumpiness for each time step is indicated in the corner. 24 M /yr is the SFR of two isolated disks, according to our fiducial run. C-D: Same as panels A-B, but for a retrograde-retrograde collision. Fig. 11 . Time evolution of the Gini and M 20 parameters for simulated prograde-prograde and retrograde-retrograde collisions (respectively, orange and blue points or connecting lines). The P and C symbols indicate, respectively, the first pericenter passage and the coalescence, as defined in the text. We can notice that isolated galaxies spend all their lifetime in the not-merger region (according to the separation line by Lotz et al. (2008) ), while ongoing merging systems are mostly located above the morphological merger criterion. For each simulation subset, the points are color-coded according to the specific SFR, while black arrows indicate the positive temporal direction.
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only one nucleus is recognized in the segmentation map (instead of two). However, the real physical coalescence of the two unresolved cores may happen at slightly later times, even after the simulation interval analyzed here. For the isolated galaxy, we always stay in the not merger region, below the Lotz et al. (2008) separation line. In all cases, we notice that these simulation runs are performed with a particular (although representative) set of initial conditions, such as inclination and impact parameter, thus in reality we may populate the Gini-M 20 diagram in different ways.
The time evolution of the SFR and the clumpiness for the three simulations is shown instead in Fig. 12. In the upper pannel of this Figure, we notice a rapid increase of the SFR after the first pericenter passage and at the coalescence, similarly to previous simulations of galaxy collisions. We can also see that the SFR increases by a factor four to five, which is an intermediate value between the high enhancement (10-100) that can occur with 10% gas fraction, and the low enhancement obtained for the same orbits and a 60% gas fraction (below 4) (Fensch et al. 2017) . This effect will be discussed in more details in a companion paper (Fensch et al., in prep.) . We additionally remark that a time averaging of the SFR (and of the clumpiness) in the past 50 Myr could be applied if we want to match the average SFR timescale of our observations, even though the diagrams would not change qualitatively.
The evolution of the clumpiness is displayed in the bottom pannel of Fig. 12 . While we see that for both collision orbits the clumpiness increases compared to the fiducial run, the relative values are quite different. The prograde-prograde orbit reaches high values of the clumpiness 50 Myrs after the first pericenter and right before the coalescence, and peaks at 0.17, which is in the range of observed clumpiness in the COSMOS field. On the contrary, the clumpiness does not increase much during the retrograde-retrograde orbit, reaching only 0.05, 75 Myrs after the first pericenter.
On Fig. 10 , we can see that a high clumpiness in the prograde-prograde case is obtained by the blending of star clusters, which tends to happen at the base of the tidal features. This blending results in the accumulation of star clusters in this region, as we can visualize in the fourth cutout. The formation of the tidal tail resulting from the prograde spin-orbit coupling, the accumulation of star clusters and the enhanced clumpiness do not happen in the retrograde-retrograde collision.
Overall, numerical simulations are able to explain qualitatively several observational findings. First, our merger simulations can explain the increase of the clumpiness parameter (i.e., the fraction of light coming from clumpy structures) up to values that are similar to those observed. Simulations are also able to reproduce qualitatively the increasing trend of the clumpiness with specific SFR and mergerness, which we have seen observationally in Fig. 7 (including the distance from the MS) and Fig.  9 , respectively. In addition, the same simulations show that the beginning of the clumpiness enhancement occurs at around the same time of the first rise in SFR, and not before. These findings Article number, page 13 of 24 suggest that clump formation and starburst activity in mergers is driven by the same underlying mechanisms, that are, enhanced gravitational instability and collapse due to the merger perturbations. Secondly, during a merger event, a significant increase of the clumpiness can be obtained even with a modest SFR enhancement, below the threshold for starburst classification (Fig. 13top) . This can explain the fraction of morphological mergers in the main sequence with a relatively large clumpiness parameter.
Furthermore, we found that the geometry of the interaction plays an important role. For example, in the case of a retrograderetrograde merger, only a very small enhancement of the clumpiness is found during the starburst, or no increase at all, implying that a high clumpiness parameter is not obtained neither in all mergers, nor in all starbursting systems. We remark that very low clumpiness parameters (< 0.04) in correspondence of elevated SFRs (×4 above the MS), are not inconsistent with our data, which comprise a significant number of starbursts with a similar low fraction of clumpy emission (cf. Fig. 6 ). It is thus clear that the variety of spin-orbit coupling can explain part of the scatter of the clumpiness observed in our sample. A forthcoming paper will study the physical properties and evolution of simulated clumps with more detail, with a more diverse set of galactic disks (Fensch et al., in prep.) . clumpiness merger retro-retro merger direct-direct isolated Fig. 13 . Top: Comparison between the clumpiness and the SFR at different timesteps (colorbar on the left), for direct-direct and retrograderetrograde mergers (with circles and crosses, respectively). This diagram should compared to the corresponding observational result in Fig.  7 . Bottom: The clumpiness is plotted as a function of the mergerness parameter, which is calculated from mock images at finite time intervals. This panel can be compared with the observational finding in Fig. 9 . In both cases, we can notice a correlation between the quantities in the x and y axis, supporting the observational results.
Finally, we may wonder how simulation results would change if we include the dust attenuation. Several works have already done this, showing that the extinction has effects, in particular on the SFR estimates, but not on the existence of clumps themselves (Jonsson et al. 2010 , Hayward et al. 2010 . Clumps identified in stellar mass maps are still detected in the optical in simulation images of submillimeter-bright galaxies (Cochrane et al. 2019) . Furthermore, at higher redshifts (z ∼ 1), the extinction is not particularly high even in big UV clumps (regardless of being merger-induced or not), so the patchy radiation that we detect does not represent just holes in the dust distribution, but real clumps with high gas and SFR densities , Wuyts et al. 2012 . For these reasons, the dust attenuation would not change the results from our simulations.
Clumpiness evolution during the merger
In Section 3 we have divided the sample in SBs and MS galaxies, finding that the two subsets have different clumpiness distributions, with the former prevailing in the high clumpiness end, while the latter are dominant at very low c < 0.02. However, this classification is too simplistic, and the complexity of the MS and SB populations can be resolved in part by considering their apparent morphology. We have indeed seen in Fig. 8 that morphological merger starbursts, selected by their large Gini and M20 coefficients, are the major responsible for the high-end tail of the clumpiness distribution, with a median c = 0.09 and a maximum fraction of light in the clumps of 20%. On the other hand, the subset of starbursts that are not merger selected from their morphology is essentially indistinguishable from that of isolated (not merger) main sequence systems (Fig. 8) .
As highlighted in previous works, our morphological classification criterion, firstly defined by Lotz et al. (2004) , is able to identify mergers over a relatively short temporal window compared to the whole merger duration. The observability timescale of a merger in the Gini-M 20 diagram is approximately 0.2 − 0.3 Gyr according to Nevin et al. (2019) , corresponding to the period when the interaction signatures are more evident in the form of bright tidal tails or very disturbed, elongated or asymmetric global structures. In contrast, at the coalescence, residual merging features rapidly fade below the surface brightness detection threshold, hampering its true nature recognition visually, especially at our redshifts. Their increasingly difficult identification at the coalescence is also seen in simulations. This suggests that different time evolutionary merger phases can in part explain the large spread of mergerness and clumpiness in the SB distribution.
In order to test this interpretation, we analyzed the subset of 19 starbursts, with available HST images and in our redshift range, that were presented in Calabrò et al. (2018) as representatives of off-MS systems at 0.5 < z < 0.9 above a M * of 10 10 M . We showed that this sample comprises a sequence of different evolutionary merger stages, which can be traced by the equivalent width (EW) of Balmer or Paschen lines, and by the total attenuation (A V,tot ) toward the center of the starburst core in a mixed dust and stars configuration (Calabrò et al. 2019) .
In Fig. 14 we compare the clumpiness of this SB subset to A V,tot and the EW of Hα and Paβ lines, measured in (Calabrò et al. 2019 ). In the first upper panel, we find no significant correlation between c and A V,tot , with a Spearman correlation coefficient R= −0.34 (p-value= 0.13) and angular coefficient of the best-fit line consistent with 0. However, if we assume no correlation, the four starbursts with the highest obscurations A V,tot above 15 mag all have a low clumpiness below 0.04. This confirms that an important fraction of galaxies (50% in our Magellan dataset) contributing to the first two low clumpiness bins in Fig. 6 may be actually late stage mergers observed after the coalescence. On the other hand, early and intermediate merger systems with 0 < A V,tot < 15 mag can show the full variety of clumpiness values, and these are the only phases where we observe a substantial clumpiness enhancement above the average population level and above 0.1.
In analogy to the former result, when comparing the clumpiness to the equivalent width of Paβ and Hα, we also measure an angular coefficient slightly below 2σ. However, in the latter case the Spearman coefficient R is equal to 0.53 (p-value= 0.014), indicating that the correlation is significant according to this statistical test. The existence of the latter (even though mild) correlation, and the position of the Magellan SBs in the first panel of Fig. 14, can shed light on the possible triggering mechanisms and fate of the observed clumps. Following the results of previous simulation works, clumps can form with the increasing compressive turbulence modes and subsequent fragmentation induced by the merger during early-intermediate stages (Renaud et Fig. 14. Comparison between the clumpiness and the mixed-model attenuation A V,tot toward the center (upper plot), and the equivalent width (EW) of Hα (lower panel) for 21 starbursts in our same redshift range 0.5 < z < 0.9, and analyzed in Calabrò et al. (2019) . The corresponding IDs are added to each galaxy, while black crosses indicate X-ray detected sources. The Spearman correlation coefficient R and the corresponding p-value are highlighted in each panel. We derive no correlation for the first diagram, and a mild correlation > 3σ for the second, thus only in the latter case we derive the best linear fit (blue line, with equation included the legend) and 1σ dispersion (blue shaded region). However, even in the first plot, the highest clumpiness values are found only for the less attenuated starbursts, while low clumpiness objects are systematically more obscured (A V,tot > 15). Given that A V,tot and EW(Hα) have been used as merger stage indicators in Calabrò et al. (2019) , our findings provide an indication for a possible clumpiness evolution, decreasing from early-intermediate phases to late stage mergers. This is corroborated by the subset of X-ray AGNs (likely close to the blow-out phase) showing preferentially a lower clumpiness.
al. 2014). The absence of late stage mergers with high clumpiness suggests that, after the main triggering events, clumps could be rapidly destroyed by strong stellar radiation or AGN feedback, or they could be incorporated in the central galactic bulge.
Intriguingly, we notice that 4 out of 5 X-ray detected AGNs in this small subset have a very low clumpiness below 0.02. As suggested in Calabrò et al. (2019) , these systems may be in an advanced phase of the AGN activity and central black hole growth, and possibly approaching the blow-out phase, thus an impact on clumps survival cannot be excluded. If we do not consider these objects, we would obtain a higher statistical significance of the A V,tot -c correlation.
Another possibility is that clumps become too faint in i-band compared to the host galaxy, following the aging of the stellar populations or the higher dust obscurations expected in advanced phases, and they are not detected anymore in this band. How-ever, we remind that testing the impact of feedback processes and studying the final fate of the clumps is beyond the scope of this work, and it will be investigated in future papers.
Even though the time evolutionary sequence is a tantalizing interpretation, the absence of very strong correlations may indicate that other effects also play a role on clumps formation, such as the impact geometry, the dynamics and mass ratio of the two components, and the viewing angle toward the system, all of which would be in any case very difficult to quantify from current observational data. In particular, the strong dependences on the orbital configuration (Section 4.2) suggest that we may have large object by object variations in the clumpiness while having still a strong SFR enhancement (Fig. 13-top) .
Multi-wavelength morphology from CANDELS
We have identified clumps in single broad-band (F814W) images, which are available for the majority of galaxies in the 2 degree 2 COSMOS field. A possible limitation of our approach relies on the fact that we can probe the emission of clumpy structures only in a limited wavelength range, which, considering the filter transmission curve and our redshift interval, covers approximately the 3700 Å to 6400 Å rest-frame range. The morphology of clumpy features can potentially change if we go to the UV rest-frame or at longer wavelengths (near-IR).
We can check the multi-wavelength behavior for the three starburst galaxies in our sample that are included in the COSMOS-CANDELS field, observed at high-resolution by HST (Koekemoer et al. 2011) in four broad-band filters (F160W, F814W, F125W and F160W) at resolutions of 0.08 , 0.09 , 0.12 and 0.18 , respectively (Fig. 15 ). In order to have a larger statistics, we have considered in this analysis one galaxy in the subset analyzed so far (ID 619015), and other two galaxies (ID 586698 and 719406) belonging to the parent sample but excluded from the final selection adopted in this paper: while the first has a slighly higher redshift (0.92) than our selection criteria, the second has a distance from the MS of 0.51 dex (above a factor of 3). However, it has clearly a merger-like morphology given the presence of a long tidal feature in the upper part. Having similar clumpy morphologies (from i-band) to the population of galaxies considered in this work, they can yield important informations on clump properties in principle also for the remaining sample.
Analyzing each starburst in more detail, we can clearly see in the first galaxy two clumps in i-band and four clumps in the UV, while all of them become fainter and undetected at longer wavelengths. They also occupy part of a ring structure surrounding the central nucleus. Simulations predict that this configuration could represent the late phase of a collision between disk galaxies (Bekki 1998) , or created by tidal accretion of material from a gas rich donor galaxy (Bournaud & Combes 2003) .
Also in the second galaxy the clumps become brighter in the UV rest-frame and they are displaced along half a ring. Longer wavelength images reveal that this elongated structure is connected to a single bigger system with just one main nucleus, highly attenuated or very old, invisible in F606W and F814W filters.
Finally, the last system shows multiple clumps in i and U band images, below the main central nucleus visible in all the bands. In particular, the brightest clump falls at the border of the main edge-on stellar disk.
Overall, the clumps shown in the above three galaxies become more prominent from redder to bluer bands (where some- . HST cutout images in the F606W, F814W, F125W and F160W broad band filters for three starbursts in the COSMOS-CANDELS field. As explained in the text, the second galaxy has a photometric redshift of 0.92, while the third has a SFR a factor of 3 above the main sequence at the same redshift z = 0.74, but clearly shows a merger morphology (in spite of its edge-on profile). The multi-wavelength comparison shows that clumps become brighter at shorter wavelengths, thus they likely represent merger-induced young stellar associations rather than old preexisting structures. The IDs shown in the right part of the figure come from Laigle et al. (2016). times they can outshine the nucleus itself), which would yield an increased clumpiness in the UV compared to i-band. On the opposite side, they become undetected in near-IR bands (even though the resolution is slightly lower). This result indicates that they are likely young structures induced by the merger rather than pre-existing aggregations of older stars. Furthermore, they seem to have a low mass fraction and possibly a low SFR fraction, despite their UV prominence. A systematic investigation of the physical properties of the clumps formed by merger events at these redshifts, including their dust attenuation, stellar ages and masses, gravitational stability and kinematics, could be possible in the future with the availability of high spatial resolution multi-wavelength bands for a larger subset of objects. This will additionally allow to compare their size and stellar mass distributions to those observed in main sequence systems and at higher redshifts.
Comparison with other studies
As mentioned in the Introduction, several studies have investigated the origin of clumpy galaxies at redshifts overlapping with our range. Puech (2010) claimed that mergers may be the dominant triggering mechanisms of clumpy galaxies at z < 1. However, his limited sample of 11 objects is representative of a very specific redshift ( 0.6), galaxy stellar mass (log 10 M * ∼ 10.2 [M ]) and type (e.g., absence of a central bulge), which cannot be representative of all the star-forming population and of the same dynamic range spanned in our work. In addition, he found that the majority of UV clumps tend to vanish when looking at longer wavelengths, so they could be biased towards lower attenuations or higher ongoing SFRs. Also Ribeiro et al. (2017) , while focusing on much higher redshift than our work (2 < z < 6), interprets double clumps as possible merging systems. However, if it is true, the clumps likely represent the nuclei of the two col-liding galaxies, thus they should not be considered anymore as clumpy galaxies by our definition.
On the other hand, Murata et al. (2014) noticed that the redshift evolution of the fraction of clumpy galaxies is inconsistent with that expected from the merger rate, thus concluding that mergers do not contribute to the clumpy population at all epochs. However, they detected clumps directly on the images without an intermediate smoothing step, which is important to facilitate the identification of high spatial frequency components and separate them from equally bright regions with smoother profiles. In addition, they identified clumpy galaxies preferentially on the main sequence. Indeed, their SFRs are derived from SED fitting (from UV to mid-IR), not allowing to select systems with obscured star-formation, which is a dominant component in infrared-luminous mergers (Goldader et al. 2002; Calabrò et al. 2018) . A similar conclusion based on the same argument is reached by Guo et al. (2015) for clumpy galaxies at 0.5 < z < 3. They suggest instead that violent disk instabilities are the main triggering mechanism at high stellar masses (M * > 10 10.6 M ), while minor mergers may contribute the most for intermediate mass systems with 10 9.8 < M * < 10 10.6 M . However, they consider UV clumps, which may disappear in the optical rest-frame, as shown by Puech (2010) .
Our result should be considered as complementary to all these studies. We are showing the importance of mergers as responsible for triggering clump formation in intermediate redshift galaxies, enhancing the clumpiness at higher levels compared to other mechanisms at this cosmic epoch. However, we do not claim that all clumps are induced by mergers. Indeed, a fraction of main sequence galaxies (which are the majority 96-98% of the star-forming population) with higher clumpiness are not identified as mergers and may be consistent with other formation channels, such as minor mergers or disk instabilities. Therefore, we are not in contradiction with the two previous works.
Finally , Lotz et al. (2004) showed that local ULIRGs (which are all mergers) have an enhanced clumpiness compared to the main sequence star-forming population. Our paper thus suggests that this result can be extended up to redshift ∼ 1 to starburst galaxies and to morphologically selected mergers.
Interpreting high redshift clumpy galaxies
We have demonstrated in previous sections that mergers can trigger the formation of stellar clumps in galaxies at 0.5 < z < 0.9. Given this explanation at intermediate redshifts, we can wonder whether a similar connection also holds at earlier cosmic times.
At high redshifts (z >> 1), young massive clumps observed in the UV and optical rest-frame, having M * ∼ 10 8 M and ages of 100-500 Myr, are generally thought to be driven by violent gravitational instabilities in gas-rich highly turbulent primordial disks, typically lying in the star-forming MS (e.g., Noguchi 1999; Immeli et al. 2004a,b; Elmegreen et al. 2007; Elmegreen 2008; Bournaud et al. 2007; Förster Schreiber et al. 2006 . The fuel needed for starformation and clumps triggering may be provided by relatively smooth accretion of cold gas from the cosmic web and from the CGM (Kereš et al. 2005; Dekel et al. 2009; Aumer et al. 2010) . Furthermore, many studies have revealed that clumpy galaxies have kinematics consistent with rotating disks Daddi et al. 2008; Shapiro et al. 2008; Epinat et al. 2009 ).
Even though this scenario is physically motivated, we cannot rule out mergers as possible triggering mechanisms for clumps formation, in analogy to what has been shown at z < 1. As the fraction of mergers increases monotonically at earlier times , their contribution could be more important in the past, and, although they can be less efficient at rising the SFR to starburst levels (Fensch et al. 2017) , our results indicate that a large clumpiness parameter can be obtained even without a strong enhancement of the star-formation activity. In addition, it is possible to preserve some degree of global rotation even during a merger event, and also a disk could rapidly reform in the latest merger stages (Rothberg & Joseph 2006; Springel & Hernquist 2002; Fensch et al. 2017) . Therefore, many high-z systems with global rotation in the stellar or gaseous components can still be mergers. As complementary probes to recognize these systems, we could instead look for the presence of compact, highly obscured cores in the host galaxy, which can trace late or post-coalescence merger phases (Calabrò et al. 2019; Puglisi et al. 2019) .
Further clues to the origin of high-redshift clumpy galaxies come from recent ALMA observations, which show a dicotomy of clumps properties depending on the SFR level of the host galaxy. For example, Hodge et al. (2018) and Tadaki et al. (2018) observed sub-kpc clumpy structures with ALMA in the dust continuum and CO emission for a small subset of luminous submillimeter galaxies (SMGs) in the redshift range 1.5-5. Among the sample of 11 SMGs presented by Hodge et al. (2018) , the low Sersic index profile measured in one galaxy suggests it might be a late stage merger, while interacting signatures in the optical are revealed for some of their remaining systems. They showed that these structures are displaced in the inner 5-10 kpc regions, analogous to the spatial distribution of our brightest clumps (in both observations and simulations), which form close to the nuclei and in the beginning of tidal tails. Additionally, the ALMA clumps produce 2 to 10% of the total galaxy emission, in agreement with the range of clumpiness that we found in the optical. This suggests that, being highly star-forming and dusty, their structures may represent still early phases of clump formation.
On the contrary, normal star-forming isolated disks are smoother at the same sub-mm wavelengths. Cibinel et al. (2017) found that UV clumps in a main sequence galaxy at redshift = 1.5 are not visible anymore with ALMA in the CO(5-4) transition, which could be due to a lower gas content (or equivalently, higher SFE), or to a lower SFR of the clumps. Rujopakarn et al. (2016) studied 11 normal star-forming galaxies at redshifts 1.3-3 with ∼ 0.4 resolution ALMA images. They also found no evidence of clumpy structures, which instead appear at UV wavelengths as unobscured regions, owing small SFR fractions from 0.1 to 5% of the whole systems.
This dicotomy resembles the difference of clumpiness between IR-luminous starbursts and normal MS galaxies at z < 0.9, and we may wonder whether it has the same physical explanation. Under the merger origin hypothesis for SMGs (e.g., Tacconi et al. 2006 Tacconi et al. , 2008 Engel et al. 2010; Alaghband-Zadeh et al. 2012) , it seems reasonable to think that many of the ALMA clumps observed in high-z infrared luminous galaxies may be actually produced by merger interactions. However, we warn the reader that the merger origin of SMGs has not been fully assessed yet, with alternative studies claiming they are just gas rich disks representing the most massive, luminous extension of the galaxy main sequence (e.g., Davé et al. 2010; Dunlop 2011; Michałowski et al. 2012; Targett et al. 2013) . Future observations with ALMA could further constrain the different hypotheses and better characterize the clumps detected in our COSMOS sample for both the MS and SB population.
Summary and conclusions
Inspired by the merger nature of infrared luminous starbursts at 0.5 < z < 0.9 shown in previous works, we have studied in the same redshift range the effects of mergers on clumps formation by comparing the high-resolution HST optical rest-frame morphologies of 79 starbursts to a control sample of 109 normal starforming main sequence galaxies. We performed an additional visual merger identification among the main sequence population and applied the classical Gini-M 20 classification to select galaxies with merger-like shapes. Our main results are summarized as follows:
• Starburst and main sequence galaxies have different clumpiness histogram distributions: the former dominate in the high clumpiness regime, while the latter are mostly found at lower clumpiness values. Given the merger nature of intermediatez starbursts, this suggests that mergers are likely responsible for clumps formation and their increased luminosity with respect to normal star-forming isolated disks. • The majority (76%) of morphological mergers (according to Gini-M 20 based criterion by Lotz et al. (2008) ) are starburst galaxies. However, 57% of starbursts are not classified as mergers from their i-band morphology. This suggests that the Gini-M 20 merger selection is highly incomplete, likely due to multiple effects, including the galaxy inclination, the impact parameter, the dust attenuation, and the rapid fading of merger signatures after the coalescence. • A larger difference of the clumpiness histogram distributions is obtained when including visually selected mergers in the SB subset and when comparing morphological mergers to not mergers. In particular, Gini-M 20 mergers, regardless of their level of SFR, have a median clumpiness a factor of three higher compared to the rest of the population, and are almost entirely responsible for the high clumpiness tail observed among our sample. We also found that the fraction of morphological mergers and their median clumpiness increase monotonically with the distance from the main sequence. • From hydrodynamical simulations of merger galaxies with initial conditions typical for our redshift range, we found that mergers can significantly enhance the clumpiness of the system compared to isolated main sequence galaxies, by a similar amount to that observed in real images. Different spinorbit coupling of merging galaxies can fully explain the scatter of the observed clumpiness values from 0 to 20%. • For a sample of 19 SBs with Magellan-FIRE spectra, there is a mild correlation between the clumpiness and the equivalent width of Balmer and Paschen lines, suggesting a possible clumpiness evolution during the merger, decreasing from early-intermediate to later stages after the coalescence. X-ray detected AGNs are preferentially found in low-clumpiness systems, suggesting a possible clump suppression induced by AGN feedback. However, other effects (including galaxy inclination, rotation, attenuation and impact parameter) are likely responsible for the low correlation strength ( 2σ). • Using four band high-resolution images for three clumpy galaxies in the COSMOS-CANDELS field, we have showed that merger induced clumps are generally young and UVbright, likely formed during the merger rather than being older pre-existing stellar structures. However, a larger sample is needed to study the statistical properties of the clumps (e.g., sizes, stellar masses and ages) and investigate their evolution.
Merger triggered gas compression and fragmentation can provide the physical explanation for the formation of stellar bright clumps. We expect that this mechanism is more frequent at high redshift, given the increasing fraction of mergers at earlier epochs. This work rises questions on the real nature of clumps observed in high redshift galaxies, suggesting that mergers could be an alternative, powerful channel for enhancing the clumpiness. If this is true, the clumpiness could be used as a complementary merger diagnostic (though still incomplete) to identify mergers from the morphology when the typical low-surface brightness interacting features (e.g. tidal tails) become too faint.
Deeper images in the optical and near-IR rest-frame with Euclid and JWST will allow in the near future clumps detection and their physical characterization (through a multi-λ approach) for larger statistical samples of clumpy galaxies at higher redshifts and similar spatial resolutions to those considered here. In addition, they will facilitate the study of the environment and the morphological properties (including merger signatures) of their host galaxies.
In this Appendix we show how the clumpiness compares with other parameters considered in the main part of the paper. The Fig. A.1 displays the clumpiness as a function of the i-band magnitude and the elongation of our targets. This explains the final sample selection made for our analysis (described in Sections 2.6 and 3), highlighted by the gray vertical lines. In Fig. A.2 is presented the comparison of the clumpiness with different morphological indicators, that are, the Gini coefficient, the M 20 parameter and the mergerness. The first two diagrams show the lack of correlation between the two quantities in the x and yaxis. Finally, Fig. A.3-top shows the redshift distribution of our sample, ranging 0.5 < z < 0.9 and with a median z of 0.73. Fig. A.3-bottom and Fig. A.4 demonstrate, respectively, that the clumpiness does not depend on the stellar mass, and does not significantly evolve with redshift (within our uncertainties). Top: Clumpiness vs i-band total magnitude (i mag ) for our initial sample of 96 starburst and 145 main sequence galaxies (with red filled circles and blue empty squares, respectively). Median clumpiness values and errors (gray squares with black error bars) are derived for 6 bins of i mag . Our selection cut (i mag < 22.5) is highlighted with a vertical gray line. Bottom: Clumpiness vs elongation for the same sample as above, with median clumpiness and errors estimated in 7 bins of elongation. The vertical gray line indicates our cut for the final selection (elongation < 3.5), even though we remember that one additional nearly edge-on MS galaxy was also removed by visual inspection. 
